Objectives: To investigate the relation between (1) cardiorespiratory fitness and plasma saturated, monounsaturated and polyunsaturated fatty acids and (2) the interactions between cardiorespiratory fitness, dietary fat intake and plasma fatty acid composition. Design: Cross-sectional analysis. Setting and subjects: The subjects were randomly selected, 127 middle-aged Finnish men participating in the DNASCO exercise intervention study. Interventions: Cardiorespiratory fitness was determined spiroergometrically, dietary intake of macro-and micronutrients by 4-day food records and plasma fatty acids by gas chromatography. The subjects were divided into tertiles of aerobic fitness. Results: Differences between fitness tertiles were not observed for dietary intake of total fat, and saturated, monounsaturated or polyunsaturated fatty acids (percent of total energy). In contrast, plasma saturated fatty acids were significantly lower (Po0.01) and polyunsaturated fatty acids significantly higher (Po0.05) in the highest fitness tertile compared to the lowest tertile. Dietary saturated fat intake was positively associated with plasma saturated fatty acids (r ¼ 0.342; Po0.05) and inversely with plasma polyunsaturated fatty acids (r ¼ À0.453; Po0.01) only in the lowest fitness tertile. In addition, a positive correlation between body mass index and plasma saturated fatty acids (r ¼ 0.516; Po0.01) as well as a negative correlation between body mass index and plasma polyunsaturated fatty acids (r ¼ À0.516; Po0.01) was observed in the lowest tertile solely. Conclusion: Different levels in cardiorespiratory fitness are associated with different levels in plasma saturated and polyunsaturated fatty acids and lead to modifications in the association between dietary and plasma fatty acids. These findings can perhaps be explained by a reduced hepatic fatty acid and lipoprotein synthesis as well as by an enhanced muscular lipid utilization, which are commonly seen in those who are physically active and who exhibit a higher level of fitness.
Introduction
The quality and quantity of dietary fat as well as the level of aerobic fitness are associated with the metabolic syndrome (Toeller et al, 1996; Hu et al, 1997) . In addition, a reduction in fat intake, and the substitution of saturated fat by monounsaturates or polyunsaturates improve metabolic indicators (Campbell et al, 1994; Ginsberg et al, 1994; Siguel and Lerman, 1994; Grundy, 1997) . Likewise, increased physical activity, especially of the aerobic type, correlates negatively with metabolic risk factors (Becque et al, 1988; Krauss, 1989; Guezennec et al, 1994) . The plasma fatty acid profile reflects dietary fatty acids (Garton & Wahle, 1975) and plasma saturated fatty acids (SFA) correlate positively with risk factors such as triglyceride, VLDL-cholesterol and insulin concentrations while polyunsaturated fatty acids (PUFA) correlate negatively (Pelikanova et al, 1991; Vessby et al, 1994a) . Besides the influence of genetic and dietary factors in the regulation of plasma fatty acid concentrations, regular aerobic exercise leads to changes in both hepatic synthesis of fatty acids as well as their peripheral utilization (Narayan et al, 1975; Gorski et al, 1990) . Endurance exercise training influences the concentrations of plasma fatty acids through the following processes: a reduction in the activity of hepatic lipase leading to decreased hepatic lipoprotein formation; an increase in the activity of hormone-sensitive lipase resulting in enhanced lipolysis of circulating triglycerides; an increase in the activity of enzymes of the oxidative pathway in skeletal muscles resulting in an enhanced capacity to oxidize lipid substrates; oxidation of a greater amount of fatty acids associated with exercise itself and an augmented sensitivity to hormones such as catecholamines and insulin (Gorski et al, 1990; Brouns & Van Der, 1998) .
However, it is unclear whether aerobic fitness is correlated with plasma fatty acid levels or influences the association between dietary intake of fatty acid subgroups and their plasma concentrations. These issues are particularly important for overweight or moderately obese middle-aged men, who often have multiple risk factors and are at risk of developing a full blown metabolic syndrome. Therefore, in the present investigation we tested the hypothesis that aerobic fitness influences the plasma fatty acid profile and the dietary/plasma fatty acid ratio.
Material and methods

Subjects
The study cohort was a random sample of Eastern Finnish men, aged 50-60 y, living in the Kuopio area and participating in the DNASCO exercise intervention study. A detailed description of the study subjects has been given elsewhere (Rauramaa et al, 2000) . For 127 men (mean age 57.2 y, s.d.72.9), a complete data set was available. No previous attempt was made to influence their health behaviour. The study protocol was approved by the Ethics Committee of the University of Kuopio and written consent was obtained from all subjects.
Anthropometry
Weight was determined with a digital scale in light clothing without shoes. Body mass index (BMI) was calculated as body weight (kg) divided by height squared (m 2 ) (mean BMI 27.1 kg/m 2 , s.d.73.6).
Cardiorespiratory fitness
For the assessment of cardiorespiratory fitness, exercise oxygen uptake was determined with the aid of directly measured respiratory gas analyses in a maximal, symptomlimited bicycle ergometer exercise test with increasing work load by 20 W/min (mean V O 2max 31.1 ml/kg min, s.d.76.8) (Anding & Hwang, 1986) . Aerobic threshold (AeT) was determined visually as the first non-linear increase of ventilation based on breath-by-breath respiratory gas analyses during the exercise test. Subjects were divided into tertiles of AeT (total range 6.9-25.69 ml/kg min) as follows: group 1 ¼ low fitness group, AeTo12.43 ml/kg min; group 2 ¼ medium fitness group, AeT412.43o14.75 ml/kg min; group 3 ¼ high fitness group, aerobic threshold 414.75 ml/ kg min.
Leisure time physical activity and energy expenditure The method for the estimation of leisure time physical activity and energy expenditure is based on a 7-day physical activity recall (Rauramaa et al, 1995) . Participants were asked to recall the time spent sleeping and engaged in mild, moderate and heavy physical activity during the previous 7 days. MET (metabolic equivalent unit) values used for calculations were as follows: sleep ¼ l; very mild activity ¼ 1.5; mild activity ¼ 4; moderate activity ¼ 6; heavy activity ¼ 10. The average daily activity index (METs/d) was then determined by multiplying MET values by the number of hours spent in each of the five categories of activity.
Dietary intake
Dietary intake of total carbohydrates, proteins and fat as well as saturated, monounsaturated and polyunsaturated fatty acids was assessed with 4-day (three weekdays and Sunday) food records. Portion sizes were estimated using a picture booklet or household measurement units. Subjects were individually instructed as to how to fill in the records. When being returned to the laboratory, the records were also checked by a nutritionist. Records were analysed using MicroNutrica software based on a nutrient file from Finnish food analyses (Rastas et al, 1990) .
Laboratory analyses
Venous blood samples for analysis of plasma fatty acids were taken without stasis between 08.30 and 09.30 after a 12-h fast and a 30-min rest in a supine position. The subjects were advised to avoid strenuous physical activity the day before blood sampling.
Gas chromatographic analysis of plasma fatty acids
Gas-liquid analysis of total plasma fatty acids was carried out on a Perkin-Elmer AutoSystem gas chromatograph with a flame ionization detector (Perkin-Elmer GmbH, Ü berlingen, Germany) using a fused silica capillary column (CPSIL-88, Chrompack, Germany) and nitrogen as carrier gas. The preparations of samples for analysis have been described before (König et al, 1997; Ebbesson et al, 1999) . In brief, 100 ml of plasma was saponified at 651C with potassium hydroxide and ethanol. Lipids were extracted by hexanediethylether and transmethylated at 651C with BF3-metha-nol and extracted with 5 ml of hexane. After washing with 0.9% sodium chloride, the solvent was evaporated with nitrogen. The methylated fatty acids were redissolved in 100 ml hexane and 1 ml was injected into the GC for analysis. Identification of fatty acids was performed using a commercial lipid standard (Sigma Chemie, Deisenhofen, Germany). Quantities of individual fatty acids were expressed by their relative proportions to the total lipid pool. SFA were calculated by adding the percentages of C12:0 þ C14:0 þ C16:0 þ C18:0; monounsaturated fatty acids were calculated by adding the percentages of Cl6:1 þ C18:lcis þ C18:1trans þ C22:1; PUFA were calculated by adding the percentages of C18:2n-6 þ C18:3n-3 þ C18:3n-6 þ C20:3n-6 þ C20:4n-6 þ C20:5n-3 þ C22:5n-3 þ C22:6n-3.
Statistical methods
The three fitness groups were tested for significant differences by the independent-samples t-test procedure including Levene test for equality of variance. Multiple testing was controlled using a sequential rejective multiple test procedure (Holm, 1979) . The Pearson correlation coefficient was used to establish the relationships between the different plasma fatty acid subgroups, dietary intake and anthropometric variables. Statistical analyses were performed with SPSS for Windows, software package Version 9.0.
Results
Significant differences or correlations were only seen within or between the highest and lowest fitness tertiles; in addition, no significant differences were observed in the concentrations of monounsaturated fatty acids across the fitness tertiles and no significant associations were found between dietary and plasma monounsaturated fatty acids. Therefore, monounsaturated fatty acids as well as the data from the middle fitness tertile are not further considered in results and discussion. Dietary, anthropometric and fitness data in the low and high fitness tertiles are presented in Table 1 . Energy (Po0.05), protein (Po0.05) and fatty acid intake was higher in the high fitness tertile. For the whole cohort, energy intake was significantly correlated with total energy expenditure (METs/d) (r ¼ 0.427, Po0.001). There was a 15% increase in energy intake (Po0.05) and expenditure (Po0.01), respectively, from the low to the high fitness tertile. Because of the parallel increase of all macronutrients and energy expenditure, there was no marked difference in macronutrient intake expressed as percentage of total energy between the fitness tertiles. Likewise, no significant difference could be documented for the intake of SFAs and PUFAs (Figure 1) . No significant differences were observed for age and height; as expected, BMI was lower in the high fitness tertile (Po0.0l).
Concentrations of plasma fatty acids in the low and high fitness tertile are presented in Figure 1 . Compared to the high fitness tertile, concentrations of plasma SFA were higher (Po0.01) and PUFA were lower (Po0.05) in the low fitness tertile. The correlation between plasma SFA and PUFA and dietary intake of fatty acid subgroups, macronutrient intake and BMI are presented in Tables 2 and 3 . Significant positive associations between plasma concentrations of SFA and Association between dietary fat intake and plasma fatty acids D König et al dietary SFA intake (Po0.05) were found only in the low fitness tertile (Table 2 ). This positive association turned into a negative trend in the high fitness tertile. The inverse correlation between dietary PUFA and plasma SFA (Po0.01) did not change from the low to the high fitness tertile. Positive correlations were found between plasma SFA and BMI in the low (Po0.0l) but not in the high fitness tertile. Plasma concentrations of PUFA (Table 3) in the low fitness tertile were negatively associated with dietary SFA intake (Po0.05). Again, this negative correlation turned into an opposite trend in the high fitness tertile. Intake of dietary PUFA were not associated with plasma PUFA concentrations in the low fitness tertile but were positively so in the high fitness tertile (Po0.05). Concerning other macronutrients, there was a positive correlation between carbohydrate intake and plasma PUFA in the low fitness tertile (Po0.05), whereas total fat intake correlated positively with plasma PUFA in the high fitness tertile (Po0.05). Negative correlations were found between plasma PUFA and BMI in the low (Po0.01) but not in the high fitness tertile.
Discussion
The main finding of the present study was that aerobic fitness modifies the association between dietary and plasma fatty acids. Our data suggest that middle-aged men with low cardiorespiratory fitness who exhibit high intake levels of SFA have also high levels of saturated fatty acids in their plasma. Likewise, only in subjects with low cardiorespiratory fitness was high intake of SFA significantly associated with low plasma PUFA.
Moreover, the strong associations between BMI and plasma SFA and PUFA observed in the low fitness tertile, but not in the other tertiles of fitness, suggest that increasing aerobic fitness could weaken the positive association be- Association between dietary fat intake and plasma fatty acids D König et al tween BMI and plasma SFA, as well as the negative association between BMI and plasma PUFA. Although considerably more studies are needed, the present results add another potential avenue of explanation for the observed association between a sedentary lifestyle or low cardiorespiratory fitness and increased morbidity and mortality (Lee et al, 1999) . Previous investigations have demonstrated higher concentrations of plasma SFA and reduced concentrations of plasma PUFA in obese subjects or individuals with type II diabetes mellitus (Ewald et al, 1982; Rossner et al, 1989; Vessby et al, 1994a,b; Vessby, 1995; Ebbesson et al, 1999) . There is evidence that higher plasma SFA and lower plasma PUFA levels are associated with increased metabolic risk factors (Vessby et al, 1994a) . The explanation for obesity-or diabetes-related changes in plasma fatty acids has commonly been an increased dietary saturated fat (De Backer et al, 1989; Folsom et al, 1996; Ebbesson et al, 1999) . However, in the present investigation, intake of macronutrients including total fat, SFA and PUFA (% of total energy) was comparable among the aerobic fitness tertiles. Differences in macronutrient intake in g/d were largely due to an increased energy turnover. Therefore, the finding of significantly lowered plasma SFA as well as higher plasma PUFA in the high fitness tertile cannot be explained solely by the differences in macronutrient intake. The associations between SFA in the diet and plasma concentrations of SFA and PUFA suggest that a higher aerobic fitness could reverse or at least neutralize the rise in plasma SFA and attenuate the decrease in plasma PUFA mediated by increased dietary SFA. Differences in aerobic fitness did not influence the association between dietary PUFA and plasma concentrations of SFA. However, the relation between dietary and plasma PUFA was dependent on aerobic fitness with a significant positive correlation only in the high fitness tertile. Interestingly, in the high fitness tertile, plasma concentrations of PUFA were positively correlated with total fat intake whereas in the low fitness tertile, plasma PUFA concentrations were positively associated with carbohydrate intake. Although they were not statistically significant, comparable associations with inverse sign were observed between carbohydrate and total fat intake and plasma concentrations of SFA. Even though it is too early to draw strong conclusions, divergent findings in dietary intervention studies (Purnell & Brunzell, 1997; Reaven, 1997) with different intake of carbohydrate and fat, regarding alterations in metabolic risk parameters, could potentially be explained by differences in the fitness level of study subjects.
We recognize the limitations of the cross-sectional design of the present study. Controlled randomized trials including both genders and different age groups will be ultimately needed to clarify the changing associations between dietary fat intake and plasma fatty acids with increasing aerobic fitness. At the moment, we can only speculate that exerciseinduced adaptations in hepatic lipid as well as in peripheral lipid metabolism are responsible for these findings. The aerobic threshold is approximately in the range in which reliance on fatty acid oxidation is quite high during exercise (Romijn et al, 2000) . With increasing exercise intensity the proportion contributed by anaerobic glycolysis to the energy needs is rising. Therefore, it is possible that hepatic and muscular alterations in fatty acid metabolism due to increased aerobic fitness are best reflected at the aerobic threshold level. It has to be emphasized that those subjects who exhibited a higher aerobic fitness were also those who showed a higher daily activity index (METs/d). Regular aerobic exercise is known to decrease the activities of lipogenic enzymes in the liver such as fatty acid synthase, glucose-6-phosphate dehydrogenase, ATP citrate lyase and malic enzyme (Gorski et al, 1990) . The idea that exercise interferes in the association between total fat intake and plasma SFA is further supported by data showing that exercise reversed the increase in liver lipids in rats fed a high fat diet and that VLDL-cholesterol was significantly reduced in an exercise group compared to a non-exercise control group (Narayan et al, 1975; Gorski, 1992) . In addition, the activity of lipoprotein lipase, the enzyme responsible for the lipolysis of triglycerides, is increased with regular physical exercise (Seip et al, 1998) and both reduced triglyceride and VLDL-cholesterol concentrations have been associated with lower plasma SFA (Vessby, 1995) . Another explanation for exercise-induced alterations in plasma fatty acids is the increased utilization of fatty acids for energy production in the working muscle. Processes of lipolysis, fatty acid transport in the cell and across the mitochondrial membrane as well as b-oxidation of fatty acids are increased in aerobically trained individuals (Bonen et al, 1998; Quiles et al, 1999) . Furthermore, Mougios et al have demonstrated that aerobic exercise acutely increased plasma PUFA and reduced plasma SFA (Mougios et al, 1995) . The authors attributed this finding to enhanced exercise-induced lipolysis due to a stimulation of hormonesensitive lipase in the adipocyte. The unsaturation index in adipose tissue is clearly higher than in the blood, and therefore increased catecholamine-induced lipolysis could increase the unsaturation index in plasma fatty acids, immediately after exercise. However, it remains to be determined if this is verifiable after repeated episodes of aerobic exercise.
In conclusion, high submaximal cardiorespiratory fitness is related to low plasma SFA and high plasma PUFA in overweight middle-aged men despite a comparable fatty acid intake. In addition, the association between dietary intake of SFA and plasma SFA and PUFA was found to be significantly influenced by the level of aerobic fitness. Considering previous investigations that have linked a higher unsaturation index with an improved metabolic risk profile, the changes in the plasma fatty acid profile, as well as the alterations in the relationship between dietary and plasma fatty acids with increasing fitness, could account in part for the improved cardiovascular risk profile found in aerobically fit subjects.
